Background: We examined correlates of infant morbidity and mortality within the first 3 months of life among HIV-exposed infants receiving post-exposure antiretroviral prophylaxis in South Africa. Methods: We conducted a prospective cohort study of 848 mother-child dyads. Multivariable Cox proportional hazards models were used. Results: The main causes of infant morbidity were gastrointestinal and respiratory infections. Morbidity was higher with infant HIV infection (HR: 2.61; 95% CI: 1.40-4.85; p ¼ 0.002) and maternal plasma viral load (PVL) >100 000 copies ml À1 (HR: 1.87; 95% CI: 1.01-3.48; p ¼ 0.048), and lower with maternal age <20 years (HR: 0.25; 95% CI: 0.07-0.88; p ¼ 0.031). Mortality was higher with infant HIV infection (HR: 4.10; 95% CI: 1.18-14.31; p ¼ 0.027) and maternal PVL >100 000 copies ml À1 (HR: 6.93; 95% CI: 1.64-29.26; p ¼ 0.008). Infant feeding status did not influence the risk of morbidity nor mortality. Conclusions: Future interventions that minimize pediatric HIV infection and reduce maternal viremia, which are the main predictors of child health soon after birth, will impact positively on infant health outcomes.
Introduction
In South Africa, it is estimated that $3% of children are HIV infected, and most of these children have acquired HIV infection through mother-to-child transmission (MTCT) [1] . Breast milk transmission of HIV in sub-Saharan Africa is estimated to be responsible for 40% of perinatally acquired HIV infections [2] , and over a third of women of childbearing age are HIV infected [3, 4] . HIV-infected mothers face a dilemma regarding how to feed their newborn infants due to the competing risk of HIV transmission associated with breast-feeding and the risk of increased morbidity and mortality associated with formula feeding [1, [5] [6] [7] . Postnatal transmission through breast-feeding remains an important source of possible infection [2, 8] . Several African studies have suggested that exclusive breast-feeding could decrease the cumulative risk of HIV transmission while maintaining the benefits of breast-feeding [9] [10] [11] , but the risk of HIV infection does not exist if breast exposure is completely avoided [12] . However, non-breast-fed infants can be at increased risk of hospitalization and dying from infectious diseases [13, 14] . Antiretroviral (ARV) prophylaxis during pregnancy and delivery has been shown to be an effective means of reducing the risk of MTCT [15, 16] ; however, <50% of South African women attending MTCT sites have been tested for HIV [17] . Despite expanding access to highly active antiretroviral therapy (HAART) in resource-limited settings, it is estimated that less than half of those in need are currently receiving treatment [18] . Major gaps remain in adequate coverage of MTCT services as well as HAART access in sub-Saharan Africa for women and their infants [19] , highlighting the need for continued studies to examine the impact of HIV infection on infant health outcomes. Although evidence on the effect of HIV on childhood morbidity and mortality in sub-Saharan Africa is increasing [20, 21] , to date use of large cohorts of motherinfant dyads with detailed measurement of clinical outcomes remains very limited.
The current study examines maternal and infant correlates of infant morbidity and mortality within the first 3 months of life in a cohort of HIV-exposed infants receiving ARV post-exposure prophylaxis in South Africa.
Methods

Setting
This study was conducted at three hospitals in South Africa: Chris Hani Baragwanath Hospital (Soweto), Coronation Hospital (Johannesburg) and Mombray Hospital (Cape Town) between October 2000 and September 2002. The primary study was a randomized, open-label, multi-center clinical trial to compare the use of single dose nevirapine to 6 weeks of zidovudine commenced within 24 h of delivery in infants of ART-naı¨ve HIV-infected mothers [22] . The study was undertaken before HAART was readily available. Clean public drinking water was available in the urban South African settings of the study [23] . This study was approved by the Gauteng Department of Health Provincial Review Committee, the University of the Witwatersrand Committee for Research on Human Subjects, and the Mowbray Maternity Hospital Research Committee.
Participants
Women delivering without prior knowledge of their HIV status were offered postpartum voluntary counseling and rapid onsite testing within 24 h of delivery. Eligible women testing HIV positive were offered enrollment. Infants were excluded if they were preterm and weighing <1200 g, required ventilation, were unable to take oral medication, or had congenital abnormalities. Women with CD4 cell counts <200 cells ml À1 were started on co-trimoxazole prophylaxis. Infants found to be HIV infected received co-trimoxazole prophylaxis from 6 weeks of age. As was current practice in South Africa, enrolled women were counseled on infant feeding practices per current national guidelines and subsidized formula was provided to women who chose not to breast-feed [24] . Women who decided to breast-feed were encouraged to breast-feed exclusively for 3-6 months.
Among the enrolled 1051 mother-child dyads, 234 patients completed the first visit, but then did not attend any follow-up visits, and four patients were missing infant HIV status. The current analyses have been conducted only on the remaining 813 mother-child dyads that provided follow-up time, defined as a minimum of two clinical evaluations within the first 3 months of life. The final cohort of patients (N ¼ 813) and excluded patients (N ¼ 238) were of similar maternal age, maternal plasma viral load (PVL), maternal CD4 cell count, infant gender, infant weight and infant ARV prophylaxis status.
Clinical assessments
Baseline sociodemographic, medical and pregnancy history were collected from all enrolled mothers. Obstetric and neonatal data was collected after delivery. Follow-up visits at 10 days, 6 weeks and 3 months included a clinical examination and a blood sample for HIV-1 diagnosis. At each visit, infant-feeding method was ascertained via interviewer-administered structured standardized questionnaires. Mortality outcomes and hospitalization diagnoses were captured from patient records. Staff training, site visits and ongoing external monitoring were conducted to ensure uniformity of the study across all sites.
Laboratory procedures
Maternal blood samples were tested with Determine HIV-1/2 tests (Abbot Laboratories, Abbot Park, IL, USA), and, if reactive, a second confirmatory test using the Uni-Gold HIV test (Trinity Biotech, Wicklow, Ireland) was performed. Women who tested negative with the initial Determine test were considered uninfected. At study enrollment, maternal blood was sent for HIV-1 RNA quantitative HIV testing (viral load) and CD4 cell counts. Blood samples were collected from infants for HIV-1 DNA polymerase chain reaction (PCR) using the Roche Amplicor Monitor version 1.5 qualitative PCR assay (Roche Diagnostics, Basel, Switzerland).
Clinical definitions
Confirmed infant HIV-1 infection was defined as two consecutive blood samples testing positive for HIV-1 DNA by PCR. Infants who had a single documented positive result and were then lost to follow-up were considered infected. A child was considered to be uninfected when a Week 6 or later result was negative in the absence of breast-feeding. In breast-fed infants, retesting occurred 1 month after breast-feeding cessation. These infants were then considered uninfected if this sample was negative. For the Kaplan-Meier survival analysis, feeding status was assessed for infants who were hospitalized or died at the time of event, and for infants who did not experience either outcome, the feeding status of longest duration. For the multivariable analysis, feeding status was assessed as a time-dependent covariate as feeding status could change between clinic visits.
World Health Organization (WHO) International Classification of Disease (ICD-10) criteria were used to classify causes of hospitalization and mortality [25] . Hospitalizations and deaths were classified into the following criteria: birth related: birth asphyxia, neonatal jaundice, congenital pneumonia, acute respiratory distress syndrome; respiratory: pulmonary tuberculosis, Pneumocystis jiroveci pneumonia (PCP), pneumococcal pneumonia, other chest infection; gastrointestinal: acute infection, chronic infection; neurological: meningitis, encephalitis; other infections: infection unspecified, HIV, viral infection, septicemia, urinary tract infection; malnutrition: kwashiorkor, marasmus; and other: immunization/ adverse event, anemia requiring transfusion, unknown.
Outcomes that occurred within the first 24 h of life as well as birth-related diagnoses were excluded as these events were neither associated with HIV status nor feeding status. Of 107 total hospitalizations, 48 (44.9%) birth related and two (1.9%) within the first 24 h of birth were excluded from the analysis. Of 16 total deaths, 4 (25%) birth-related deaths were excluded from the analysis. Deaths and hospitalizations with unknown dates were included in the 12-week analysis, and time to hospitalization was estimated as midpoint between baseline visit and last visit.
Statistical analysis
In the univariate analysis, mother-infant dyads were stratified by method of infant feeding and infant HIV status. Categorical variables were compared using chi-squared tests and continuous variables were compared using Student's t-tests. Descriptive analyses of the incidence of hospital admissions and deaths were conducted using Kaplan-Meier survival analysis, and survival curves were compared using log-rank tests [26] . Univariate and multivariable Cox proportional hazards models were used to assess maternal and infant correlates associated with infant death and hospitalization. To check the proportional hazards assumption, a test based on estimation was used to verify that the squared linear predictor was insignificant. Confounding variables were included in the multivariable model based on a priori confounders identified from the literature and variables that were significant at a 0.1 level in the univariate analysis. Interaction effects between infant-feeding status and infant HIV status were examined; however these findings were not statistically significant and are not presented here. Risk factors that were included in both regression models for mortality and hospitalization included ARV prophylaxis status, time-varying infant-feeding exposure, infant HIV status, infant birth weight, mode of delivery, maternal PVL, maternal CD4 cell count and maternal age. Maternal death was only included in the hospitalization model as no deaths were documented among the mothers of infants who died. All data analyses were conducted using STATA (STATACORP, version 10.0, College Station, TX, USA) software. A 95% confidence interval (CI) and a 5% level of significance were used to assess statistical significance. All statistical tests were two tailed. Table 1 describes the demographic and clinical characteristics of the 813 mother-infant dyads stratified by infant-feeding method and HIV status. By the end of the study, among 179 breast-fed infants (22%), 18.4% of infants became HIV infected, and among 634 exclusively formula-fed infants (78%), 13.2% of infants became HIV infected (p ¼ 0.081). Maternal PVL was higher among HIV-infected infants compared to HIV-uninfected infants among both breast-fed infants (89 250 ; p ¼ 0.0013). Among exclusively formula-fed infants, maternal death during study follow-up was more common among HIV-infected infants compared to HIV-uninfected infants (6.0% vs. 1.6%; p ¼ 0.044). Women above 25 years of age were more likely to have a PVL >100 000 copies ml À1 compared to women under 25 years (11.7% vs. 9.4%; p ¼ 0.03). Also, women above 25 years of age were less likely to have a CD4 cell count >350 cells ml À1 compared to women <25 years (63.5% vs. 73.3%; p ¼ 0.004). Infant morbidity Table 2 presents the frequencies and causes of infant hospitalization stratified by infant HIV status and feeding method separately. Among the 57 infants (7.0%) who were hospitalized, the most frequent clinical diagnoses requiring hospitalization were respiratory (40.4%) and gastrointestinal infections (42.1%).
Results
Baseline characteristics of mothers and infants
The overall incidence rate of hospitalization was 0.87 (95% CI: 0.67-1.13) per 1000 child-days. Although the incidence rate of hospitalization among formula-fed infants (0.95 per 1000 child-days) was higher than among breast-fed infants (0.56 per 1000 child-days) (p ¼ 0.4712), this was not statistically significant. The incidence rate of hospitalization among HIV-infected infants (2.33 per 1000 child-days) was over three times higher than among HIV-uninfected infants (0.64 per 1000 child-days) (p < 0.0001). The median number of days from birth to hospitalization was similar for all clinical diagnoses (range: 42-63 days). The median duration of hospitalization was 6 days (IQR: 2-8), and was broadly the same across all clinical diagnoses. Seven infants were hospitalized a second time within the first 3 months of life, five of which were due to gastrointestinal infections and four infants were hospitalized three times within the first 3 months of life. As shown in Fig. 1 , among breast-fed infants, 84% of the HIV-infected infants and 96% of HIV-uninfected infants remained free of hospitalization (p ¼ 0.1730), and among formula-fed infants, 65% of HIV-infected infants and 92% of HIV-uninfected infants remained free of hospitalization (p < 0.0001). The difference in overall probability of remaining free of hospitalization between HIV-infected and HIV-uninfected infants was also significant (p < 0.0001).
Infant mortality
Among the 12 infants who died, four deaths occurred during the neonatal period. The main causes of death were gastrointestinal infections (25%), pneumonia (20%) and other infections (25%). The overall mortality rate was 0.18 per 1000 child-days. The mortality rate among formula-fed infants (0.19 per 1000 child-days) was higher than among breast-fed infants (0.14 per 1000 child-days) (p ¼ 0.1958), but this was not statistically significant. The mortality rate among HIV-infected infants (0.72 per 1000 child-days) was eight times higher than among HIV-uninfected infants (0.09 per 1000 child-days) (p < 0.0001). As shown in Fig. 2 , among breast-fed infants, 100% of HIV-infected infants and 92% of HIV-uninfected infants remained alive (p ¼ 0.0047), and among formula-fed infants, 94% of HIV-infected infants and 99% of HIV-uninfected infants remained alive (p ¼ 0.0005). The difference in overall probability of remaining alive between HIV-infected and HIVuninfected infants was also significant (p < 0.0001). 
Discussion
The current study among infants born to HIV-infected South African women provides further evidence of the potent detrimental effect of HIV infection on outcomes in early infancy, contributes to the ongoing debate about the most beneficial approach to infant feeding, and emphasizes the importance of increasing timely access to HAART among pregnant women [17, 19] . Our findings indicate that infant HIV status is the primary predictor of morbidity and mortality soon after birth. HIV-infected infants were at over twice the risk of hospitalization and at over four times the risk of death compared to HIV-uninfected infants. Early detection of infant HIV infection should be a priority in order to The overall log-rank p-value was p < 0.001. The overall log-rank p-value between breast-and formula-fed infants was p ¼ 0.1406. The overall log-rank p-value between HIV-infected and HIV-uninfected infants was p < 0.0001. Among breast-fed infants, the log-rank p-value between HIV-infected and HIV-uninfected infants was p ¼ 0.1730. Among formula-fed infants, the log-rank p-value between HIV-infected and HIV-uninfected infants was p < 0.0001.
intervene as soon as possible. Elevated maternal PVL also predicted infant morbidity and mortality, highlighting the importance of early diagnosis of maternal HIV as well as the need to promptly initiate HIVinfected mothers on HAART. Infant feeding method did not influence the risk of infant morbidity and mortality in this urban setting where women had ready access to clean water and infant formula [23, 24] . The findings of the current study are concordant with a multi-site African study that found that mortality among infants born to HIV-infected mothers was associated with maternal clinical factors as well as infant HIV status, but was not associated with infant-feeding practice [27] . A recent 2-year observational study from Cote d'Ivoire also found that 2-year adverse health outcomes and mortality were similar among breast-fed and formula-fed infants [20] . Similar findings have been documented in Kenya and South Africa [28, 29] . However, other recent studies from African settings have suggested that breast-feeding is strongly protective against infant mortality among HIV-infected infants [30, 31] . Comparing risk of hospitalization and mortality attributable to feeding method between studies is not straightforward and can be misleading due to differing outcome definitions, varying periods of follow-up and study entry after birth, differing regional settings with variable access to safe formula and water, and varying ART strategies.
In the current study, infants of HIV-infected mothers with PVL >100 000 copies/ml were at Kaplan-Meier: probability (95% CI) of remaining alive within the first 100 days of live according to infant HIV status and mode of infant feeding. The overall log-rank p-value was p ¼ 0.0003. The overall log-rank p-value between breast-and formula-fed infants was p ¼ 0.6689. The overall log-rank p-value between HIV-infected and HIV-uninfected infants was p < 0.0001. Among breast-fed infants, the log-rank p-value between HIV-infected and HIV-uninfected infants was p ¼ 0.0047. Among formula-fed infants, the log-rank p-value between HIV-infected and HIV-uninfected infants was p ¼ 0.0005. almost 2-fold greater risk of hospitalization and at >6-fold greater risk of mortality, which were independent of the effect of infant HIV infection status. This finding of the impact of maternal immunodeficiency on childhood morbidity and mortality is in accordance with earlier studies from multiple African settings [21, 32, 33] . Maternal PVL is not only a major predictor of the risk of perinatal HIV transmission [34] , but may also closely predict viral levels in maternal breast milk [35] and the health of both HIV-infected and HIV-uninfected infants [33, 36] . Women with higher PVL may also be at higher risk of co-infection with other pathogens that could be transmitted to their offspring [37] . HIV-infected mothers with unsuppressed viremia may be less likely to be able to provide appropriate child care that could harm their infants compared to healthy mothers. Infants of younger women were at significantly lower hazard of hospitalization, which was independent of maternal PVL and CD4 cell count. This finding suggests that rather than maternal HIV disease, other social and cultural factors associated with younger maternal age may be protective against infant morbidity. Our results highlight the importance of prompt initiation of HAART among HIV-infected pregnant women, but not necessarily all women of childbearing age. Decreasing breast milk viral load through HAART throughout lactation is likely to reduce the risk of infection [38, 39] , and also provide the infant with the beneficial aspects of breast-feeding if the mother chooses to breast-feed. In the current study, the incidence of hospitalization for diarrhea and pneumonia, which constituted over two-thirds of all hospitalizations, was similar among formula-fed when compared to breast-fed infants, but the risk of hospitalization due to diarrhea and pneumonia was close to four times greater among HIV-infected infants than HIV-uninfected infants. Among non-HIV infected mothers, sustained breast-feeding has been shown to be associated with a lower risk of gastrointestinal and respiratory illness in infants from multiple regional settings [40, 41] . The most common cause of infant pneumonia requiring hospitalization in our study population has been shown to be PCP [42] . Many infectious complications can be prevented through primary prophylaxis with co-trimoxazole in this infant population with a substantial risk of HIV infection [12] , and further efforts are needed to assure timely prophylaxis initiation.
We are unable to make conclusive comments on an association between infant-feeding method and morbidity and mortality among infants born to HIV-infected mothers [43] . It is possible that the benefits accrued through breast milk exposure require a longer duration of lactation, but the protective effects of breast-feeding likely decrease over time [13] . Despite possible gains in avoiding HIV transmission through avoiding breast-feeding, healthcare workers, policy makers and mothers must also consider the extra morbidity, primarily from diarrhea and acute respiratory infections soon after birth, that could be associated with not breast-feeding [13, 44] . In the absence of timely access to HAART in settings where there is available clean water and a safe supply of breast-feeding substitutes, alternatives to breast-feeding with appropriate nutritional counseling and care could be considered as a safe intervention [45] . Our results may not be generalizable to all resource-limited settings where the provision of safe drinking water is not available and where the supply of non-breast milk substitutes may be intermittent. It is advisable that feeding decisions be context specific [46] .
Due to the exclusion criteria of the original clinical trial, these findings may be generalizable only to full-term infants. Data on maternal co-infections was not available in the current study, however all women with CD4 cell counts <200 cells ml À1 were started on co-trimoxazole prophylaxis per study protocol. At the time of the study, antiretroviral therapy was not freely available in the public sector. The current study utilized hospital admission data to assess infant morbidity and mortality and it is possible that these outcomes could have been under ascertained or misclassified. However, we reviewed infant clinical records over time to confirm hospital admissions and participants who did not follow-up for visits were contacted by study staff. Additionally, we were able to examine clinical outcomes only during the first 3 months of life, and hence we were unable to assess feeding method in the postweaning (>6 months) period.
Despite the data being from 2000 to 2002, these findings are still relevant in light of high HIVassociated infant morbidity and mortality as well as due to a lack of adequate HAART coverage of mothers and their infants in this region. These findings, showing the excessive morbidity and mortality in HIV-infected infants, highlight the need for rapid infant HIV diagnosis, prompt initiation of HAART in HIV-infected infants and their mothers, and interventions that will enhance child health. Unlike earlier studies from African settings, the current study included a sizeable number of women who did not breast-feed, but a larger sample of women may be necessary to assess the impact of feeding method on infant morbidity and mortality. Our detailed collection of feeding methods over time allowed us to assess feeding as a time-dependent measure, while many earlier studies have assessed feeding at a single time point. A strength of the current study was detailed outcome data obtained on a large cohort of infants through physician diagnosis and patient records, which allowed for exclusion of outcomes that were unrelated to feeding method and infant HIV status.
The findings of the current study can assist in the development of further HIV diagnostic, monitoring and care interventions that can be integrated into current HAART treatment programs for HIV-infected women and their infants [47] . New evidence supports the concept that ART given to the infant during breast-feeding can reduce postnatal transmission [38] , and that ART can substantially reduce early infant mortality and HIV progression by >75% among South African infants [48] . Despite increasing access to HAART along with PMTCT in South Africa, major gaps in coverage remain. Optimizing the health of HIV-infected women and their infants involves a careful consideration of competing clinical risks as well as local circumstances. Given the overwhelming impact HIV infection has on infant health outcome, the increased provision of HAART could have the impact of not only decreasing MTCT, but substantially improving both maternal and child health in hyperendemic HIV settings.
